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Investigation of elementary excitations has advanced our understanding of many-body physics
governing most physical properties of matter. Recently spin-orbit excitons have drawn much at-
tention, whose condensates near phase transitions exhibit Higgs mode oscillations, a long-sought
physical phenomenon [Nat. Phys. 13, 633 (2017)]. These critical transition points resulting from
competing spin-orbit coupling (SOC), local crystalline symmetry and exchange interactions, are not
obvious in Iridium based materials, where SOC prevails in general. Here, we present results of res-
onant inelastic x-ray scattering on a spin-orbital liquid Ba3ZnIr2O9 and three other 6H-hexagonal
perovskite iridates which show magnetism, contrary to non-magnetic singlet ground state expected
due to strong SOC. Our results show that substantial hopping between closely placed Ir5+ ions
within Ir2O9 dimers in these 6H-iridates, modifies spin-orbit coupled states and reduces spin-orbit
excitation energies. Here, we are forced to use at least a two-site model, to match the excitation
spectrum going in line with the strong intra-dimer hopping. Apart from SOC, low energy physics
of iridates is thus critically dependent on hopping, and may not be ignored even for systems having
moderate hopping, where the excitation spectra can be explained using an atomic model. SOC
which is generally found to be 0.4-0.5 eV in iridates, is scaled in effect down to ∼0.26 eV for the
6H-systems, sustaining the hope to achieve quantum criticality by tuning Ir-Ir separation.
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FIG. 1. Enhanced inter-site hopping rendering possibility of magnetic condensation in 6H-iridates. Inset: Spin-Orbit excitonic
process occurring in RIXS (represented by curved arrows in main panel) shown schematically. SOC-states higher in energy are
not shown for clarity as transitions to them have low spectral intensities. See text for details. (a) As one goes from double
perovskites like Ba2YIrO6, where the Ir
5+ ions are far apart to 6H-hexagonal perovskites like Ba3ZnIr2O9, where the Ir
5+ ions
form a dimer [1], inclusion of effective inter-site hopping creates two-site SOC-states (J0-J0, J0-J1, etc.). Panel (b) compares
the low-energy RIXS spectra from the SOC-states in Ba2YIrO6 to Ba3ZnIr2O9 showing energy-loss peaks corresponding to
excitations to the SOC-states. Presence of additional inelastic peaks and spectral-weight transfer to lower energies make it
impossible to describe Ba3ZnIr2O9 using the atomic model.
Competition between lattice, spin and orbital degrees of freedom is often responsible for remarkable properties in
condensed-matter systems [2]. While atomic spin-orbit coupling is quenched in light transition metal oxides, it starts
influencing physical properties in 4d or 5d systems [3–5]. In these materials, spin-orbit coupling (SOC or λ) manifests
itself by splitting wide d bands and effectively enhancing electronic correlations resulting in Mott-insulating states
akin to 3d oxides [6, 7]. A magnetic condensation of excitations across spin-orbit-coupled states (SOC-states) in some
of these Mott-insulators (d4 systems, whose ground states are expected be non-magnetic SOC J=0 (J0) singlets, with
S,L nominally equal to one), was predicted by Khaliullin [8], of which Ca2RuO4 has been an exemplary case [9].
With the free-ion SOC itself being small in the 4d4 oxides like Ca2RuO4 [9, 10], SOC-states are readily perturbed
by non-cubic crystal-fields (∆NCCF ) around the 4d
4 ions, allowing access to the magnetic J=1 (J1) triplet states. In
Ir5+ systems however, the prediction seems to have stayed experimentally unclear and debated on account of stronger
SOC that raises the excitation energies (0.37 eV) compared to the inter-site exchange interactions [3, 5]. In addition,
it has been shown recently that even a large ∆NCCF (0.325 eV), fails to compete with strong SOC to close the spin-orbit
excitation gap comprehensively [4].
Interestingly, in these systems either the Ir5+ ions are far apart intervened by closed shell ions (Fig. 1) [3, 5], or
are within corner/edge-shared octahedral geometries [11]. In contrast, significant magnetic responses are obtained
from 6H-hexagonal perovskite iridates Ba3M Ir2O9, (M = Mg, Zn, Ca, and Sr), where the Ir
5+ ions form face-sharing
octahedral dimeric units (Fig. 1(a)) [12–14]. Since each Ir5+ ion in such a situation ‘sees’ another Ir5+ ion as its
nearest neighbour, hopping between them via O2− ions becomes important [14, 15]. In addition to these three Ir-O-Ir
superexchange pathways, the small intra-dimer Ir-Ir distances (about 2.7A˚) [14] provide for direct exchanges between
the Ir5+s. For example, bandwidths (W = 2zteff) obtained from density functional theory (DFT) without the influence
of SOC, give the effective hopping teff to be 0.06 eV in double perovskite (DP) Ba2YIrO6 while in 6H Ba3ZnIr2O9 it
is around 0.31 eV (see Supplementary Material (SM)) [16].
Resonant Inelastic X-Ray Scattering (RIXS), a second order “photon-in, photon-out” spectroscopic technique has
emerged to be particularly suited to study the hierarchy of these SOC-states in iridates [17–20]. The process is sensitive
to the changes in energy, momentum and polarization of inelastically scattered x-ray photons representing elementary
excitations in a material. With the development of high-resolution spectrometers [21], it is now possible to resolve
low-energy excitations to such SOC-states in a RIXS experiment [3, 22]. The low-energy spin-orbit excitonic process
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FIG. 2. Panels (a)-(d) show the effects of varying physical parameters tdim/Ud, JH/Ud, ∆
NC
CF/Ud and λ/Ud respectively, on the
SOC excitonic gaps, evaluated using the two-site model Hamiltonian given in equation (1). Each set of SOC-states is named
after their parent atomic SOC-states, and coloured with a different shade as labelled in panel (d). Panel (e) shows that for
λ = 0.25 eV (relevant for the 6H-iridates), the two-site ground state (ψg) deviates from J = 0 state by about 10%. The phase
diagram in panel (f) shows the variation of the < J2 > expectation value in the parameter space of tdim/Ud and λ/UdS. The
mark denotes the estimated J 6= 0 scenario in the 6H-iridates. Parameters of the Hamiltonian are (unless it’s variation has
been shown): tdim = 0.1 eV, ∆
NC
CF = 0.02 eV, JH = 0.5 eV, λ = 0.25 eV and Ud = 2.0 eV.
for an atomic scenario is depicted in the inset of Fig. 1(a) and explained below. Strictly within an atomic model
with strong octahedral crystal-field and SOC, 5d4 electrons in t2g orbitals have their spins S=1 coupled to orbital
angular momenta L=1, forming nominally non-magnetic SOC-states of J=0 (J0). The incoming photons with energy
ωi excite the system from |i〉 = |2p6t42g〉 initial state to an intermediate |n〉 = |2p5t52g〉 state with core-holes. This
excited state then decays into a final state |f〉 = |2p6t4∗2g〉 different from the initial state in terms of the arrangement
of the SOC electrons ( 6!4!2! − 1 possibilities), and in the process emits photons of energy ω1,ω2 and so on. The energy
losses ∆ω = ωi−ω1, ω2, then correspond to the energy costs for the different arrangements of the electrons within the
SOC t2g orbitals. Even though RIXS has already been employed to study spin-orbit excitations in DP Ir
5+ systems,
marginal inter-site hopping has had an undetectable effect on the RIXS spectra which could be interpreted by a bare
atomic model [3, 5, 16, 22]. In contrast, we here show using RIXS that enhancement in inter-site hopping due to
close placement of Ir5+ ions drives the 6H-iridates (Ba3M Ir2O9 (M = Mg, Zn, Ca, and Sr)) into a regime where the
effective SOC strength is weakened and the ground state deviates from non-magnetic singlets (Fig. 1). This is the first
observation of spin-orbit excitons having such low energies in Ir5+ systems [3, 5]. Since an atomic model fails [16],
particularly to explain a low-energy peak around 0.2 eV and a two-peak feature around 0.4 eV as shown in Fig. 1 (b),
we implement exact diagonalisation of a minimal two-site model including the influences of physical parameters: λ,
∆NCCF , Hunds coupling JH, and intra-dimer hopping (tdim), to map the low-energy excitations in RIXS spectra. We
find that the observed features are characteristic of a two-site model with a finite inter-site hopping (see Fig. 1). This
is not surprising given the fact that the Ir-ions in these 6H-iridates interact strongly with their nearest neighbours
forming Ir-Ir dimers [12, 14], in comparison to DP iridates where the Ir-ions have little interaction. Strangely however,
we find that λ, usually considered to be 0.4-0.5 eV for iridates, is scaled down effectively to ∼0.26 eV in the presence
of strong tdim. Moderate hopping in other systems like Ba2YIrO6, may similarly be suspected to rescale the atomic
λ, even though imperceptible in RIXS [5].
In order to characterise the spin-orbit excitons in presence of intra-dimer hopping (beyond capacity of single-
particle theories), we have employed many-body multiplet formalism incorporated within the following two-site model
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FIG. 3. Low-energy RIXS spectra from the 6H-iridates and energy-losses corresponding to the two-site SOC-states. Each
spectrum is decomposed into four sets of spin-orbit excitations by fitting Gaussian line-shapes (shaded grey) in panels (a-d).
Vertical bars represent energies of two-site SOC-states evaluated using JH = 0.5 eV and λ = 0.25 eV in equation (1) and
parameters given in each panel. In panel (e) the spectra are shifted vertically to show continua of low intensity excitations
above the well defined peaks (shaded regions between the spectra and Gaussian tails from eg peaks). Fitted peak-positions
(squares) and peak-FWHMs (length of the vertical lines through the squares) for the four 6H-iridates shown in panels (a-d),
are presented in panel (f).
Hamiltonian for the Ir-t2g orbitals [23, 24]:
H =
∑
i=1,2
(H
∆NCCF
i +H
int
i +H
SO
i ) +H
t, (1)
where H
∆NCCF
i , H
int
i and H
SO
i are the respective Hamiltonians representing the non-cubic crystal-field, Coulomb
interactions and SOC for the ith site. H inti , known as Kanamori Hamiltonian, includes intra- (Ud) and inter-orbital
(U ′d) Coulomb interactions alongside Hund’s coupling (JH), and are related by Ud = U
′
d + 2JH (see SM for detailed
expressions) [16]. In addition to these on-site terms, we introduce Ht to account for inter-site hopping tlσ,mσ
′
ij between
the three t2g orbitals at the two Ir
5+ sites i and j. While within the atomic model [16], SOC gives rise to multiplet
states J0, J1, J2 ... (see Fig. 1 (a)), in presence of strong tdim these SOC-states are influenced by neighbouring atomic
multiplet states forming two-site SOC-states (shown schematically in Fig. 1 (a)). The spin-orbit exciton energies can
be obtained from the difference in energy eigenvalues calculated using exact diagonalization of the two-site model.
Due to the inclusion of inter-site hopping in the two-site model, new sets of SOC-states appear out of the interaction
between the atomic SOC-states at the two sites: J0-J0 (1), J0-J1 (6), J1-J1 (9), J0-J2 (10),J1-J2 (30),J2-J2 (25) etc.
The new sets of two-site SOC-states are denoted according to their parent atomic SOC-states (J0-J0, J0-J1, etc.)
and the numbers within the parentheses indicate the number of SOC-states having the same origin. Excitations from
the J0-J0 SOC-states to the sets originating from the interaction between atomic SOC-states J1-J1 or J0-J2, form
the inelastic features in the RIXS spectra. The fact that strong intra-dimer hopping plays a key role in modifying
low-energy SOC excitation spectrum, is directly verified from the experimental results (Fig. 1 (b)).
In our calculation, we have assumed the hopping to be diagonal in the spin-space i.e., tdim = t
lσ,mσ
ij . Also we have
supposed that the hopping parameters are diagonal and equal in the orbital space to illustrate the effect of different
parameters on the energies of the spin-orbit excitons (Fig. 2). A trigonal crystal-field is also assumed in this case.
However, more realistic hopping and non-cubic matrices guided by the first principles calculations are considered to
fit the RIXS spectra of the 6H-iridates. It is important to note that the non-cubic crystal-field and the hopping terms
take care of the non-local effects within the solid. Such a simple t2g-only two-site model captures the essential features
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FIG. 4. Comparison of physical parameters obtained from DFT to the ones extracted by fitting RIXS spectra with two-
site model Hamiltonian for the 6H-iridates. Energy-loss values associated with SOC-states were calculated using the two-site
model Hamiltonian (equation (1)) and matched to experimentally obtained inelastic features, by varying ∆NCCF , tdim, JH and
λ. Maximum components of ∆NCCF , tdim matrices for each system giving best fits to RIXS are shown in panels (a) and (c)
respectively (see text). Plotted in panels (b) and (d) are the corresponding values obtained from DFT calculations using
NMTO. The points are connected by shaded splines of degree 2 to emphasise similar variation in values obtained using the two
methods. Panels (e) and (f) show average values of JH and λ obtained for the best fits to RIXS spectra in each system.
of these 6H-iridates owing to the dimeric interaction and large t2g-eg splitting (allowing us to neglect the eg orbitals
(see SM Fig. 2)) [16]. Taking into account the ∆NCCF and tdim (= t
lσ,mσ′
ij ), which are both set-up in part by O
2− ions,
also indirectly includes their effects in the model. Fig. 2 shows the influence of each of these physical parameters
on the excitonic gaps within the two-site model calculation. In contrast to the atomic states, spin-orbit excitation
energies obtained from the two-site model also depend on Coulomb repulsion Ud since the superexchange energy varies
as ∼ t2dim/Ud in the latter case. It is clear from Fig. 2(a-d) that ∆NCCF and tdim control spread of each set of states,
while their mean energies are primarily dictated by JH and λ. An interesting feature in the spin-orbit exciton energy
spectrum is crossover between J0-J2 and J1-J1 states as we go from JH << λ to the JH >> λ limit [16]. Even though
this two-site model is a simplistic representation of processes in a real solid, it captures the salient features of the
low-energy RIXS spectra of the 6H-perovskite iridates as shown ahead. Most importantly, as seen from Fig. 2(e) that
for λ = 0.25 eV (relevant for the 6H-iridates), the two-site ground state deviates from J = 0 state by about 10% and
as a consequence expectation value < J2 > of the ground state attains a non-zero value and hence small moments.
High-resolution (0.029 eV at Ir-L3-edge) RIXS spectra of the 6H-iridates (Ba3M Ir2O9, M = Mg, Zn, Ca, and Sr)
collected at 20 K at the ID20 beamline of ESRF The European Synchrotron at 20 K [21], are shown in Fig. 3(a-
d), all of which show similar low-energy inelastic features unlike the RIXS from DPs like Ba2YIrO6 (See Fig. 1(b))
exhibiting the strong influence of intra-dimer hopping in these systems. The inelastic features of each spectrum, are
fitted with four Gaussian line-shapes representing excitations from the J0 − J0 state to higher lying two-site SOC
states (see SM for details) [16]. Since excitations to the set of SOC-states J1−J1 and J2−J0 are not clearly resolved
(strongest splitting is seen for Ba3SrIr2O9, Fig. 3(d)), the fits to these two sets of peaks are done by limiting their
Gaussian variances to 0.05 eV. A Gaussian tail from the high-energy t2g-eg excitation peak is also included in the
fitting, although its effect on the 4-SOC peaks is minimal (Fig. 3(e)). Although, excitations within the higher-energy
states cannot be ruled out given their strong intermixing, these excitations would have comparatively weak intensities
and are not resolved in the present experiments. A broad continuum of excitations can be seen (Fig. 3(e)) above
0.7 eV in all the systems which may be related to low-intensity transitions to J2 − J2 states besides multiparticle
excitations [19, 20]. We note that the spectral weights of the J2−J2 excitation features (∼ 0.75 eV) are substantially
suppressed in spite of large number of states for all the 4 systems again showing significant hopping induced deviation
of these states from the pure atomic limit (see SM Fig. 5)) [16].
6The peak positions and their widths extracted from the fitting of the energy-loss features are shown in Fig. 3(f). The
slight variation in the peak positions and widths are related to the details of the local geometry of these four iridates.
This becomes evident when we try to place the difference in eigenvalues obtained from the exact diagonalization of
the two-site model Hamiltonian given in equation (1) with different parameters, within the FWHMs of these peaks
(SM Fig. 4) [16].
For the two smaller cations Mg2+ (0.72 A˚) and Zn2+, (0.74 A˚) the compounds Ba3MgIr2O9 and Ba3ZnIr2O9
stabilize in a P63/mmc space group, while Ca
2+ (1.00 A˚) and Sr2+ (1.18 A˚) allow formation of Ba3CaIr2O9 and
Ba3SrIr2O9 only within a lower symmetry space group C2/c [12–14, 16, 25]. Each of these 6H-iridates therefore
possesses slightly modified IrO6 octahedral environment resulting in different tdim and ∆
NC
CF values. We find that
RIXS spectra for the 6H-iridates can be fitted over a small range of values for all the parameters (SM Table II) [16].
A realistic estimation of hopping and non-cubic crystal-field energies for the different local geometries of the Ir5+ ions
in the 6H-iridates is obtained by extracting the low-energy tight-binding model retaining only Ir-t2g in the basis from
the muffin-tin orbital (MTO) based Nth order MTO (NMTO) method [26–28] as implemented in the Stuttgart code.
While P63/mmc symmetry of Ba3MgIr2O9 and Ba3ZnIr2O9 leads to trigonal distortion of the IrO6 octahedra so that
Ir-t2g orbitals split into singly degenerate a1g and e
pi
g states, monoclinic distortions in Ba3CaIr2O9 and Ba3SrIr2O9
remove completely the degeneracy of the t2g states and is reflected accordingly in the non-cubic crystal field matrices
(see SM Section V). This results in diagonal hopping matrices for Ba3MgIr2O9 and Ba3ZnIr2O9, while Ba3CaIr2O9
and Ba3SrIr2O9 have relatively complicated forms with non-zero off-diagonal elements (see SM Section VI). The values
obtained from the first-principles calculations are taken as initial guesses and are then renormalized to fit the RIXS
spectra, while keeping the ratios between different elements of the matrices for hopping and non-cubic crystal-field
fixed to that obtained from DFT. Parameters of the Hamiltonian which give energy-loss values within the FWHMs
of the Gaussian fits to the RIXS peaks are then extracted as shown in SM Fig. 4 (a)-(d). In our calculations, we keep
the value of Ud fixed at 2 eV [3].
The best matched energy-loss values of the two-site SOC-states calculated using a set of values for the parameters
∆NCCF , tdim, JH and λ for each of the four systems, are shown as vertical bars in Fig. 3(a-d). The maximum components
of ∆NCCF and tdim matrices used for the fits are then compared to the corresponding values obtained using NMTO
method on these systems in Fig. 4(a-d). We find that the parameters extracted from RIXS are scaled down w.r.t to
the ones obtained from first principles. However, as can be seen from panels of Fig. 4(a-d), the reduction in values is
not arbitrary and is qualitatively similar for the four 6H-iridates. It should be mentioned here, that overestimation of
parameters from first principles is known and reported for honeycomb iridates with d5 electronic configuration [29].
The Hund’s coupling estimated from RIXS (∼ 0.45 eV) is similar for all four (see Fig. 4(e)), comparable to other
5d5 systems but higher than the 5d4 DP-iridates [3, 22]. However, most striking is the substantially suppressed
value of SOC (∼ 0.26 eV) compared to any other iridate reported as yet, proving the decisive role of intra-dimer
hopping in these systems. In this context, reduced covalency has recently been ascribed to increased SOC in iridium
fluorides [30]. RIXS of these 6H-iridates provide first clear experimental evidences of atomic non-magnetic SOC
J = 0 state breakdown, in presence of solid state effects. The two-site model employed may thus be appropriate to
describe the low-energy physics of other systems where the Ir-ions are placed close-by in the crystal structure [31, 32].
The polycrystalline nature of our samples and two-site theoretical modelling forbid estimation of the momentum
dependence of the spin-orbit excitons presently and can be a future direction of work. The identification of inter-site
hopping as a critical parameter which can drastically change the effective strength of SOC even so, may be utilised
to tune magnetism in iridates.
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Supplementary information for
Hopping induced ground-state magnetism in 6H perovskite iridates
I. SAMPLE SYNTHESIS:
Polycrystalline samples of Ba3M Ir2O9 (M = Mg, Zn, Ca, and Sr) were synthesized by standard solid state reaction
using stoichiometric amounts of BaCO3, MgO, ZnO, CaCO3, SrCO3, and IrO2 as starting materials [1–3]. The
structural parameters used for the calculations are given in earlier reports [2].
II. RESONANT INELASTIC X-RAY SCATTERING
Ir-L3-edge RIXS on polycrystalline 6H-iridates were done at the I20 beamline of ESRF The European Synchrotron
at 20 K [4]. Polarisation of the incident x-ray beam was kept parallel to the horizontal scattering plane and the
scattered beam was collected at 90◦ w.r.t the incident beam. Energy of the incident x-ray was varied across Ir-L3
absorption edge and the corresponding energy-loss spectrum was recorded (see Fig. 1). Low-energy features adjacent
to the elastic peaks arising due to excitations across the SOC-states were found to be enhanced at an incident energy
of 11.216 keV and was fixed for subsequent high resolution measurements. Low-resolution RIXS (0.280 eV) focussing
on high-energy loss features for all the four systems are shown in Fig. 2. The high-energy loss features identified
as t2g-eg transitions and charge-transfer excitations from O 2p to vacant Ir-orbitals were found to be similar to DP
Ba2YIrO6 [5, 6]. To distinguish the low-energy SOC-states, we collected RIXS spectrum on each sample with a
resolution of 0.029 eV.
III. ATOMIC MODEL HAMILTONIAN:
An atomic many-body Hamiltonian for the d4 configuration [12] in presence of strong SOC gives rise to spin-orbit
coupled states: J0 (1), J1 (3), J2 (5), J2 (5), and J0 (1), where numbers within parentheses denote the number of SOC-
states having same total angular momentum (see Fig. 1(a) of main text). The energy eigenvalues of these spin-orbit
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FIG. 1. Energy dependence of inelastic features in 6H-iridates. Panels (a),(b) and (c) show energy-loss spectra
with varying incident energies across Ir-L3 absorption edge (shown as insets) for Ba3MgIr2O9, Ba3ZnIr2O9 and Ba3CaIr2O9
respectively. Low-energy features adjacent to the elastic peaks arising due to excitations across the spin-orbit coupled J states
were found to be enhanced at an incident energy of 11.216 keV and was fixed for subsequent measurements.
coupled-states are dictated by the interaction parameters such as Hund’s coupling JH, Coulomb interaction Ud and
SOC constant λ. The energy difference between these states are however independent of Coulomb interaction Ud. It is
interesting to note that the explicit energies of the J0 and J2 states depend on the relative strength of the parameters
JH and λ keeping the energy difference always fixed at 3λ/2. In the limit JH >> λ, EJ0 = E0 − 4U + 7JH − λ and
EJ2 = E0 − 4U + 7JH + λ/2; for JH << λ, EJ0 = E0 − 4U + 7JH − 2λ and EJ2 = E0 − 4U + 7JH − λ/2 [7].
Such an atomic many-body Hamiltonian is sufficient to describe the RIXS spectra of the DP iridates [8–11] with
triplet (J0 → J1) and quintet (J0 → J2) spin-orbit excitons, however it fails to interpret the RIXS spectra for the
present 6H-iridates (Ba3M Ir2O9, M = Zn, Mg, Ca and Sr).
IV. TWO-SITE MODEL HAMILTONIAN:
In order to decipher the low-energy RIXS spectra of these 6H-iridates we consider the following two-site many-body
Hamiltonian for the Ir-t2g orbitals [12, 13],
H =
∑
i=1,2
(H
∆NCCF
i +H
int
i +H
SO
i ) +H
t (2)
=
∑
i=1,2
( ∑
l,m,σ
lmd
†
lσdmσ + Ud
∑
l=1,2,3
nl↑nl↓ +
U ′d − Jd
2
∑
l,m=1,2,3
(l 6=m)
∑
σ
nlσnmσ +
U ′d
2
∑
σ 6=σ′
∑
l,m=1,2,3
(l 6=m)
nlσnmσ′
+
JH
2
∑
l,m=1,2,3
(l 6=m)
(d†l↑dm↑d
†
l↓dm↓ + h.c.) +
iλ
2
∑
lmn
σσ′
lmnσ
n
σσ′d
†
lσdmσ′
)
+
∑
i 6=j
∑
l,m=1,2,3
∑
σ,σ′
tlσ,mσ
′
ij d
†
ilσdjmσ′ , (3)
where i,j are site indices, l, m are orbital indices and σ, σ′ are spin indices. H∆
NC
CF
i , H
int
i and H
SO
i are the respective
Hamiltonians representing the non-cubic crystal-field, Coulomb interactions and SOC for the ith site. The last term
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FIG. 2. Comparison of high-energy-loss features. Vertically shifted low-resolution energy-loss spectra showing the
crystal-field and charge-transfer excitations for Ba3MIr2O9 (M = Mg, Zn, Ca, Sr), apart from unresolved SOC excitations.
For comparison, RIXS spectrum from Ba2YIrO6 is also shown acquired with identical resolution.
represents the hopping between two different sites i and j. The parameters lm, Ud, U
′
d, JH, λ and t
lσ,mσ′
ij are
respectively the on-site energies of the t2g orbitals, intra and inter-orbital Coulomb interaction, Hund’s coupling, SOC
and the hopping between nearest neighbour sites i and j.
A crossover in energy between J1-J1 and J0-J2 SOC-states can be seen depending on the relative strength of the
JH and λ (marked by arrows in Fig. 2(b,d) of the main paper). This is due to the fact that while EJ1 has always the
same analytical form, the energies of J0 and J2 SOC-states depend on relative strengths of the JH and λ as discussed
earlier in Ref. [7].
TABLE I. Effective values of hopping teff estimated from DFT calculated values of bandwidth W = 2zteff without SOC. z=12
for Ba2YIrO6, and W has no effect of distortions in IrO6 as ∆
NC
CF= 0. For the 6H-iridates, z=2, and ∆
NC
CF also contributes.
System Bandwidth W (eV) teff (eV)
Ba2YIrO6 1.49 0.06
Ba3MgIr2O9 1.46 0.36
Ba3ZnIr2O9 1.22 0.31
Ba3CaIr2O9 1.38 0.34
Ba3SrIr2O9 1.23 0.31
V. FORM OF NON-CUBIC CRYSTAL FIELD MATRICES FOR THE 6H-IRIDATES
For Mg and Zn, H∆
NC
CF =
0 0 00 0 0
0 0 ∆
 , for Ca,
∆1 0 00 ∆2 0
0 0 0
 , and for Sr,
0 0 00 ∆2 0
0 0 ∆1
 .
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FIG. 3. Failure of atomic model for 6H-iridates. The energy losses as a function of JH obtained from an atomic model
with different ∆NCCF (panel columns) and λ (panel rows) values. Horizontal grey bands are the FWHMs of the Gaussian fits
to peaks obtained from RIXS on Ba3ZnIr2O9. It can be seen that for no realistic value of the physical parameters in the
atomic model, the energy losses can be matched to that of the experiment. Also, the 4-peak low-energy RIXS spectrum is not
replicated for any set of parameters.
VI. FORM OF HOPPING MATRICES FOR THE 6H-IRIDATES
For Mg and Zn, Ht =
−t1 0 00 −t1 0
0 0 −t2
 , for Ca and Sr,
 t1 −t2 t4t2 −t3 t4
−t4 t4 t5

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FIG. 4. Fitting of the RIXS results with the two-site model. Horizontal grey bands are the FWHMs of the peaks
obtained from RIXS on Ba3MIr2O9 (M=Mg,Zn,Ca,Sr). Calculated energy differences between the SOC-states, according
to equation (1) of main text are shown as continuous lines for the 4 systems. Vertical band in each panel represents the
Hund’s coupling JH, for which the calculated energy-loss values of each set of two-site SOC-states, lie within the FWHMs
of experimentally observed peaks. JH values even lower than the shaded ones may seem to satisfy the experimental results,
however it is only within the chosen shaded region that we can observe a separation of states within the energy-loss region 0.3-
0.5 eV, resembling the 4-peak low-energy RIXS spectra. Other parameter values used to calculate the theoretical energy-losses
in the two-site model are given in italics in Table II.
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FIG. 5. Comparison of spectral weights of inelastic features. Spectral weights of excitations to each set of two-site
SOC states J0-J1, J1-J1, J2-J0 and J2-J2 are plotted, as obtained from the fits shown in Fig. 3 (a-d) of main text for the four
6H systems. Vertical bands are the FWHMs of the peaks obtained from RIXS on Ba3ZnIr2O9. Using the right hand axis the
number of two-site SOC states are plotted as gray dots and a line. For the excitation to the J2-J2 state (Fig. 3 (e) of main
text), after subtraction of all other contributions, spectral weights are calculated by integrating between energy loss values from
0.7 to 0.8 eV.
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TABLE II. Ranges of physical parameters in the two-site model (equation (1) of main text and the matrices in Sections V and
VI), using which the low-energy RIXS spectra could be fit for each system. The values given in italics are used for obtaining
the energy-losses in Fig. 4. We have kept Ud as 2.0 eV for all calculations.
System ∆NCCF (eV) tdim (eV) JH (eV) λ (eV)
Ba3MgIr2O9 ∆=0.025 t1=0.16; t2=0.041
0.35-0.46 0.26
0.44-0.51 0.27
0.48-0.55 0.28
Ba3ZnIr2O9 ∆=0.02 t1=0.15; t2=0.045 0.42-0.49 0.26
Ba3CaIr2O9 ∆2=0.044, ∆1=0.01 t1=0.01; t2=0.001; t3=0.007; t4=0.0; t5=t3 0.45-0.5 0.26
Ba3SrIr2O9 ∆2=0.028, ∆1=0.01 t1=0.013; t2=0.003; t3=0.015; t4=0.002; t5=t3
0.43-0.5 0.25
0.54-0.58 0.26
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